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Since ecomorphologists have started to use explicit and taxonomically-broad
frameworks in studies on the relationships between form, behavior, ecology and
phylogeny they have consistently reported—often against their expectations—(1) that
phylogeny is usually a better predictor of anatomy than ecology is, and (2) many
cases of etho-eco-morphological mismatches. It is puzzling that such mismatches occur
frequently in an evolutionary process that often leads to macroevolutionary trends and
in which organisms are said to be optimally/almost optimally “designed” for the habitats
they inhabit. Organic Nonoptimal Constrained Evolution (ONCE), a new perspective on
biological evolution that is proposed here, addresses this apparent paradox, based
on an extensive compilation of empirical data and broader evolutionary ideas, from
Aristotle to current Evo-Devo. According to ONCE, by taking behavioral choices,
and subsequently due to their behavioral persistence related to behavioral/ecological
inheritance, organisms as diverse as bacteria, plants and animals help to construct
their own niches and are thus the central, active players in their evolutionary
history. Darwinian (external) natural selection thus plays mainly a secondary - but still
crucial - role in biological evolution, for instance helping to direct major evolutionary trends
by selecting those random mutations that are advantageous within the context of the
new, constructed niches. The highly constrained character of organic evolution, including
developmental constraints as well as the crucial role played by behavioral persistence,
can dramatically limit the occurrence of new behavioral shifts and thus the responses
to external (e.g., environmental) changes, often resulting in etho-eco-morphological
mismatches and eventually in evolutionary dead-ends that may lead to extinction.
Keywords: developmental constraints, phylogeny and ecology, ecomorphology, behavior, organic selection,
natura selection, evolution, niche construction
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INTRODUCTION
In the last few years, numerous papers—most written by
ecomorphologists to identify correlations between ecology and
anatomy—consistently reveal eco-morphological mismatches
in which form is, for instance, much more strongly related to
phylogeny than to the current ecological habitats. The common
occurrence of such mismatches was not at all expected in
the light of the works of many Neo-Darwinists—particularly
those subscribing to an adaptationist framework—and, for
that matter, even of Darwin himself, who famously stressed
how the morphology of the Galapagos finches seems to
be beautifully optimized for the specific habitats in which
they live. If natural selection by the external environment
were almost always the key force in evolution, one would
not expect the frequent occurrence of etho-ecological
mismatches and/or eco-morphological mismatches. In
contrast, the more important the role played by internal
factors—including both internal constraints/selection and
the behavioral choices made by organisms themselves—
the more one would expect such mismatches to
occur.
The occurrence of such mismatches goes against many
of the ideas traditionally followed within the adaptationist
program, including works bymany functional morphologists and
ecomorphologists that try to establish a “functional utility” for
every single morphological and behavioral trait of every single
organism. In fact, the terms “adaptation” and “adaptationism”
continue to be mainly associated with the Neo-Darwinian view
of evolution, which focused in great part on the fit between
adult form and function. As recognized by Olson (2012, p. 283):
“one of the most notorious aspects of the modern synthesis
has been its elision of development, treating it as a trivial,
more or less deterministic black box between the genome and
the phenotype.” Olson also recognized that within this context,
adaptationism was mainly a synonym of externalism, with
natural selection, and in particular the external environment,
playing a central role inmorphological macroevolution, although
Neo-Darwinists also stressed the importance of other factors
in evolution, e.g., genetic drift and gene flow. As stated in
Futuyma’s book “Evolution” (Futuyma, 2013), natural selection
has historically been seen as the only mechanism known to
cause the evolution of adaptations, i.e., of the processes in
which the members of a population become “better” suited
to some features of their environment through changes in
characteristics that affect their survival or reproduction in that
environment. Many ecomorphologists have been, and in a way
continue to be, inspired by this view, being interested in the
links between morphological adaptations seen in adults and the
ecology/external environment they occupy (e.g., Lloyd, 2015).
However, as will be discussed in the Sections below, this is
seemingly starting to slowly change with the use of explicit,
broad phylogenetic methodologies and the inclusion of large
taxonomical samples in ecomorphological studies in the last
years.
GENERAL NOTES ON
ETHO-ECO-MORPHOLOGICAL
MISMATCHES
The notion of “struggle” for existence and of optimality dates
far back in time, including Aristotle, who famously stated that
nature “does nothing in vain” (Leroi, 2014). In general, Baldwin,
Wallace, Neo-Darwinists, and Lamarckians also emphasized the
striking “fit” (match) between the phenotype of organisms and
the external environment in which they live (e.g., Darwin, 1859;
Darwin and Darwin, 1880; Baldwin, 1895, 1896a,b,c; Gould,
2002; Depew, 2003; Downes, 2003; Griffiths, 2003; Hall, 2003;
Weber and Depew, 2003; West-Eberhard, 2003; Westneat and
Fox, 2010; Young, 2013). Of course, authors such as Darwin,
Wallace, Lamarck and Baldwin knew about nonsurvival of
organisms and about known cases of mass extinctions, but
mostly these were associated with phenomena such as relatively
rapid and/or severe changes of the external—biotic or abiotic—
environment. Moreover, they did not really explore in-depth the
many examples of lineages, including those that are seemingly
very “successful” in terms of taxonomic diversity, that are
far from being optimal eco-morphological matches. The main
reason for this oversight is that very few studies had focused
on investigating and/or testing the frequency of such examples,
because there was a strong historical bias toward a compelling
adaptationist story of how each specific feature of each taxon
conferred an advantage within the environments inhabited by
the members of that taxon (e.g., Gould, 2002; Olson and Arroyo-
Santos, 2015).
Moreover, this general bias was often related to and/or further
influenced by teleological ideas about “progress” or “purpose”
in evolution, e.g., toward an increase in “perfection” of the
fit between the “design” of organisms and their environments
(e.g., Bonner, 1988, 2013; McShea, 1991, 1996, 2012; Ruse, 1996,
2003, 2013; Turner, 2000, 2007, 2013, 2016; Rosslenbroich, 2006;
Omland et al., 2008; Reiss, 2009; McShea and Brandon, 2010;
Corning, 2013; Diogo et al., 2015c). Gould (2002) was particularly
vocal about the occurrence of mismatches in living organisms,
as he used them to emphasize the point that organisms are
not designed by a supernatural entity but instead are the
result of a complex, constrained, contingent and also random
evolutionary history. His books provide numerous emblematic
examples of such mismatches. Recently, my colleagues and I
have focused on examples that relate directly to the anatomy
of our own species, Homo sapiens (Diogo et al., 2015a,b, 2016;
Diogo and Wood, 2016; Diogo and Molnar, 2016). Many other
authors have also called attention to mismatches between some
of the crucial functions of our internal organs, such as the
heart, and our physiology. For instance, after providing various
such examples, Noble (2006, p. 111) wrote: “now, by contrast,
we can see that life is full of design faults, false trails, and
imperfect compromise; we can still wonder at the intricate
beauty of life on earth, but we no longer think that its logic is
the best there could be.” Similarly, Lindholm’s (2015) recently
reviewed various illustrative cases of etho-ecological mismatches
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in other organisms, which he designated “maladaptive behavioral
syndromes” because organisms maintain sub-optimal behaviors
despite significant costs. These included, among others, high
activity levels despite presence of predators, as in African
springboks, newts opposing predatory fish, lemmings in northern
alpine habitats, and exaggerated sexual cannibalism in certain
spider species.
Wiens et al. (2011, pp. 2082–2083) provide an insightful
empirical study that illustrates how sexual selection can lead to
both long-term macroevolutionary trends and etho-ecological
and/or eco-morphological mismatches. They used a phylogenetic
approach to analyze the evolution of dorsal crests in European
newts, a well-known sexually selected character system that
was first noted by Darwin. Their phylogenetic results show
a general relationship between the evolution of some male
display behaviors and the evolution of crests, as well as that
the accumulation of novel elements of the behavioral displays
is related to the accumulation of modifications of the crests.
They argue that the correlated addition of novel elements to both
the morphological and behavioral displays might be seen as a
trend toward increasing complexity in both signal types. Their
results also suggest that phenotypically plastic traits such as the
crests can be maintained for relatively long macroevolutionary
timescales, i.e., for dozens of millions of years. Moreover, their
results also show that while in some cases of long-term trends the
plasticity seems to be lost, and both the behavior (via behavioral
persistence) and form persist, in other cases the plasticity is
not decreased. For instance, there is still enough plasticity
for either behavioral shifts or morphological shifts (leading to
etho-morphological and thus likely to etho-ecological and/or
FIGURE 1 | From Osborn’s 1929 monograph “The titanotheres of ancient Wyoming, Dakota, and Nebraska” (modified from Osborn, 1929). (A–H)
(phylogenetically basal to derived), reconstructions of the titanothere genera Eotitanops, Manteoceras, Protitanotherium, and Brontotherium, which range from about
55 MYA (A,H), to 35 MYA (D,E).
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eco-morphological mismatches). The behavior might change
while the form does not; females may no longer prefer males
with crests, but crests continue to be present. Or form can change
but the behavior not; females may continue to prefer males with
crests, but for some reason crests are lost.
A widely discussed and beautifully illustrated example of
a macroevolutionary trend that can be linked to etho-eco-
morphological mismatches is given in Figure 1. Osborn (1929)
reconstructed the skulls of different titanothere fossil taxa
ranging from about 55–35 million years ago and argued that
the evolutionary changes in the size of their horns were not
random. According to him, they were instead biased in the
direction of increasing horn size, because various different
titanothere lineages experienced the same type of change in horn
size. Osborn, a Neo-Lamarckian, reasoned that the horns were
increasingly useful for fighting, but that the initial bumps were
quite useless, so such a directional evolutionary change could
not have been the result of natural selection (Beatty, 2008).
That is, this directional change must have been due to some
direction in the process of variation itself, which guaranteed the
same evolutionary outcome time after time, although Osborn
was silent on the process by which variation could be directed,
stating that it might possibly even be “beyond human solution”
(Beatty, 2008). Neo-Darwinists therefore used this example to
criticize such Neo-Lamarckians, arguing that they were coming
back to old vitalist ideas. They argued, for instance, that in this
case even the most rudimentary of horns would have been better
than nothing for fighting, so that the directionality in question
might have been simply the result of natural selection of chance
variations (Beatty, 2008).
Regarding the trend itself, many Neo-Darwinians argued that
it could be simply a by-product of selection for increasing
body size and/or the result of selection on horn size directly
(e.g., by selecting males that tend to win fights, or by sexual
selection by the females) (e.g., Hall, 2002; Beatty, 2008). One
can see how these discussions frequently lead to broader
evolutionary and philosophical discussions on teleology and
purpose. In fact, Osborn’s idea—so called “orthogenesis”—could
relate evolution to a notion of design/purpose, as he saw progress
in the evolutionary history of organisms toward an increasing
perfection of form, function and beauty (Ruse, 1996). Therefore,
Osborn’s position on these issues was paradoxical: on the one
hand he argued in favor of progress toward increasing perfection
of form and function (eco-morphological match), but on the
other hand he used titanothere nasal horns as an example
of how evolutionary change can cease and stasis can prevail,
because titanotheres may have evolved well beyond their adaptive
optimum (eco-morphological mismatch). That is, the horns
might have evolved to such a degree that they interfered with
adaptation itself (Osborn, 1929; Hall, 2002; Beatty, 2008). It is
clear that titanotheres did not reach orthogenetic “perfection,”
in an evolutionary context, as they all became extinct (Osborn,
1929).
In such cases extinction is therefore probably associated with
loss of plasticity and with stasis, as Osborn contended, although
it is difficult to imagine that the existence of the horns themselves
could lead to the extinction of the whole species by negative
selection. As noted by Eldredge (2014, p. 172), one should be
skeptical about such simplistic hypotheses. For instance, it was
long thought that the “Irish elk” (a giant deer) evolved antlers
so gigantic that they contributed directly to the demise of the
species, but it now seems clear that the species actually became
extinct along with an impressive and diverse array of other
species living in all sorts of different settings. Be that as it may,
the persistence of innovative features such as titanotheres’ horns
or the so-called panda’s thumb that were advantageous within
the context of, and subsequently to, the behavioral shifts/choices
that the organismsmade—e.g., fighting betweenmales or females
preferring males with big horns in titanotheres, eating bamboo in
pandas—is very likely driven by behavioral persistence, possibly
combined with phenomena such as genetic drift.
That is, the very instigators of evolutionary trends that
first led to an increase in etho-eco-morphological matching—
behavioral shifts/choices followed by persistence—are probably
the major culprits of later etho-eco-morphological mismatches,
together with internal factors. Due to the loss of the initial
behavioral plasticity that allowed the animals to adopt the
new behavior, the persistence of that behavior—and thus of
the epigenetic/genetic anatomical features related to it—might
become counterproductive when the external environment is
changed, as is the case of pandas and the lack of available
bamboo. At one moment in time, the ancestors of pandas did
not eat bamboo, but then were able to perform a behavioral
shift in order to eat it successfully. But, for some reason, extant
pandas do no longer seem to have the ability to perform a
new major behavioral shift/choice to substantially decrease their
consumption of bamboo. In some cases, lack of behavioral
plasticity may in turn depend reciprocally on the presence of,
e.g., anatomical and/or genetic features that were selected within
the context of the behavior acquired during the initial behavioral
shift. For instance, the overspecialization of the “panda’s thumb”
might not allow pandas to revert to the more generalized type of
diet that their ancestors had. Apart from natural selection (i.e.
after the pandas started to mainly eat bamboo those random
mutations that happened to be advantageous within that niche
were selected), the lack of plasticity could also be enhanced by
phenomena such as genetic drift, i.e., to a random sampling of
those organisms that had those genetic features.
The ideas presented in the paragraphs above are supported by
various types of empirical data presented in a well-documented
review done by Morris (2014). For instance, benthic and
limnetic three-spined sticklebacks are relatively nonplastic in
the anatomical features that distinguish them. However, they
occupy opposite ends of the morphological reaction norm—the
range of forms that organisms with a single genotype can display
across different environments and developmental conditions—
of ancestral marine sticklebacks. This suggests that ancestral
plasticity was required for this species pair to occupy their
respective niches. That is, after the behavioral split (benthic vs.
limnetic), the plasticity became decreased within the evolution of
each group. Also, studies have shown that phenotypic change is
greater in populations experiencing anthropogenic disturbance
than in those that are not, mainly through plastic responses that
may be adaptive. In other words, contrary to the case of pandas,
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some groups under stress still retain enough plasticity to change
their behavior and related phenotype when that behavior puts
them at risk within the context of anthropogenic disturbance.
Hone and Benton (2005) provided further examples linking
the occurrence of evolutionary trends and of developmental
constraints, which can further be linked to the incidence of
eco-morphological mismatches and ultimately of extinctions.
Specifically, Cope’s rule refers to a tendency for organisms to
increase in size over time, although this tendency is probably
exaggerated in the literature due to the bias of biologists,
including paleontologists, to provide narratives of “trends” and
“progress,” as noted by Gould. But Cope’s rule does seem to apply
in at least some taxa, and according to Hone and Benton (2005)
probably also occurred in other taxa in which it cannot be clearly
seen. This is because mass extinctions often cap size increases,
as organisms that are too large could be more vulnerable to
environmental crises. In fact, in some cases the evolutionary
trends toward size increase can lead to gigantism, and thus
to overspecialized organisms that have difficulty subsisting,
particularly with changes in the external environment. This
stresses a major point noted above: evolutionary trends, often
driven by behavioral shifts/persistence and then secondarily
directed by natural selection, can often lead to overspecialization
and loss of plasticity, and thus to eco-morphological mismatches
and evolutionary dead ends, and potentially to extinction.
For example, our close relative, Gigantopithecus, is an extinct
Asian ape that probably lived from nine million years to one
hundred thousand years ago and could reach up to 3m and
540 kg. Very likely, it could not cope with the changes during
the Pleistocene era from forest to savanna that led to a decrease
of its main food supply—e.g., fruits—and an increase in foods
such as grass, roots and leaves that were dominant in the
savanna and that it did not eat. According to Bocherens et al.’s
(2016) recent study, even when open savannah environments
were present in the landscape, Gigantopithecus foraging was
limited to forested habitats. Therefore, the very large size of
Gigantopithecus, combined with a relatively restricted dietary
niche due to behavioral persistence, may explain its demise
during the drastic forest reduction that characterized the glacial
periods in Southeast Asia. On the other hand, as Hone and
Benton (2005) pointed out, internal constraints also probably
play a major role, in many cases, in preventing an increase in size
toward phenomena such as gigantism, stressing another major
point: the highly constrained nature of evolution.
A further, and particularly emblematic, example concerns the
famous case of the peacock’s tail that made Darwin particularly
“sick” because it did not fit into the context of its external natural
selection, as noted by West-Eberhard (2014, p. 502). This case
illustrates well the difference between what Darwin considered
to be (external) natural selection vs. phenomena such as sexual
selection. That is, if the elaborate tail—which is mainly the
product of sexual, and thus organic (sensu Baldwin), selection—
made the male peacocks more vulnerable to a certain (external)
predator, the negative selective force of natural selection would be
opposed to the positive selective force of organic selection. There
are many examples of such cases, and they often lead to etho-
ecological and/or eco-morphological mismatches. However, in
numerous other cases, natural selection secondarily reinforces
the changes first driven by sexual and thus organic selection,
often leading to directional evolution and eventually to long-term
macroevolutionary trends. These trends can, in turn, later lead to
cases of mismatch due to overspecialization and/or a change in
the (external) natural selective pressures (see section above).
As helpful as such examples can be in stressing the importance
of evolutionary and developmental constraints and our descent
from other types of animals—and thus opposing views such as
those defended by creationists—I will use different examples
below when referring to eco-morphological mismatches. This is
because the examples given by Gould, by me, and by the other
authors mentioned just above mainly refer to single species. So,
one could surely oppose these examples with an impressive list of
“one-species” cases to argue that there is a beautiful, remarkable
match between the form of the organisms of that species and
the habitat where they live. Such cases have been historically
emphasized over and over again since Aristotle (Leroi, 2014), and
they were in fact the ones to which humans, who often want to
find “positive narratives” as noted by Gould, paid more attention.
Thence the teleological notions of “design” and “purpose” that
have prevailed for a long time, and which not even Darwin could
escape due to the philosophical context and historical constraints
of his epoch.
However, as my close colleague and friend Virginia Abdala—
who actually defines herself as an ecomorphologist—told me
one day, the million-dollar question is: to which specific
environments and/or behaviors are we referring to? During a
single day a squirrel makes behavioral choices as diverse as
climbing the main trunk of a tree, delicately moving within the
thin high branches of that three, jumping from tree to tree, and
running on the ground. Just outside my window right now, they
also need to escape from cars when crossing the road, avoid being
bitten by dogs, and so on. To which of these behaviors, and to
which specific environment, is the form of squirrels “suited”? Is
the morphology of the legs particularly “adapted” to run, to climb
trees, or to jump between trees? That is why the adaptationist
framework is, most of all, based on a profound simplification and
trivialization of life: life is much more complex, fascinating and
puzzling than that.
A BRIEF SUMMARY OF ONCE (ORGANIC
NONOPTIMAL CONSTRAINED
EVOLUTION)
The main ideas of ONCE, the vast amount of multidisciplinary
empirical data that strongly support these ideas, and the main
differences between them and previous and current views
proposed by other authors, have been described in detail in
Diogo (in review), so readers interested in more details should
refer to that paper. Here, I will just summarize those main
ideas, as they are crucial for the discussions about the empirical
ecomorphological data that will be presented in the next section
and about their broader evolutionary and biological implications.
Themain ideas of ONCE are shown in the scheme of Figure 2,
which shows (in red) the major differences with a view of
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FIGURE 2 | The structure of the Organic Nonoptimal Constrained Evolution (ONCE) idea; terms and arrows shown in red are those emphasized by
ONCE but not in the Extended Evolutionary Synthesis (EES) scheme provided in Laland et al. (2015), shown in Figure 3. Following the style of the Laland
et al.’s EES scheme shown in Figure 3, arrows represent causal influences (see caption of Figure 3 below for more details). Within the context of the present paper,
the most crucial differences between ONCE and EES, emphasized in a central position of the scheme of this Figure, with larger fonts, is the fact that in ONCE
organisms, and in particular their behavior (organismal behavior) are seen as the key active players of biological evolution, with Darwinian (external) natural selection
playing mainly a secondary—but still crucial—evolutionary role. This “organic” (the “O” of ONCE; based on Baldwin’s notion of “Organic selection”) view of evolution,
together with the “nonoptimal,” “nonstruggling” view of evolution also defended in ONCE (its “N”), enables a natural, rational, nonteleological and nonvitalistic
explanation for the common occurrence of long-term evolutionary trends, as well as of etho-ecological, etho-morphological and eco-morphological mismatches (for
more details, see text and Diogo, in review).
evolution that is currently defended by many authors within the
field of Evo-Devo: the Extended Evolutionary Synthesis. ONCE
is a new way of seeing biological evolution that is based on a
multidisciplinary attempt to bridge the gap between internalists
and externalists, Neo-Darwinists and Neo-Lamarckists, the ideas
of authors such as Baldwin, Waddington and Goldschmidt, and
current Evo-Devo thought including the physicalist, epigenetic
plasticity and niche construction frameworks. In particular,
ONCE aims to contribute to the explanation of an apparent
paradox that has unfortunately not been often discussed in the
literature: that eco-morphological mismatches commonly occur
in an evolutionary process that often leads to macroevolutionary
trends and in which organisms are supposedly “optimally,” or
almost “optimally” “designed” for their habitats. In ONCE, the
explanation of this paradox is deeply related to the crucial role
played by behavioral persistence linked to behavioral/ecological
inheritance. That is, organisms as diverse as bacteria, plants and
animals help to construct their own niches and are thus the
central, active players in their evolutionary history, as proposed
in Baldwin’s idea of Organic Selection. Darwinian natural
selection then comes into play as a secondary, but crucial, player.
That is, due to organismal behavioral persistence, the random
mutations/epigenetic factors that happen to be advantageous
within those constructed niches will be selected by the external
environment, further directing evolution and increasing the
match between behavior, phenotype, and that environment.
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FIGURE 3 | The structure of the Extended Evolutionary Synthesis (EES) according to, and modified from, Laland et al. (2015), with arrows representing
causal influences and processes shown in red being those emphasized by the EES but not by a more traditional Neo-Darwinist perspective. EED
includes as evolutionary causes processes that create new variants, bias selection, change the frequency of heritable variation and contribute to inheritance. A
diversity of ontogenetic processes (e.g., epigenetic effects, regulation of gene expression, construction of internal, and external developmental environments)
contribute to the rise of new phenotypic variation, which may be viable and adaptive (e.g., “facilitated variation”). In addition to accepted evolutionary processes that
directly change gene frequencies, processes that bias the outcome of natural selection, particularly ontogenetic bias and niche construction, are also recognized in
EES. A broadened notion of inheritance encompasses genetic, epigenetic and ecological (including cultural) inheritance. “Mutation pressure” refers to the
population-level consequences of repeated mutation, depicted as dashed because mutation is also shown in “processes that generate novel variation.”
1Developmental bias and niche construction can also affect other evolutionary processes, such as mutation, drift and gene flow. 2 In EES, this category of processes
will often need to be broadened to include processes that change the frequencies of other heritable resources.
One of the main differences between ONCE (Figure 2) and
the Extended Evolutionary Synthesis (EES) recently proposed
by authors such Laland et al. (2015) (Figure 3) is therefore that
in ONCE organisms themselves, as a whole, and in particular
their behavioral choices and persistence, are the key drivers of
evolution, as noted above. Second among the differences between
ONCE and the EES is that, in the scheme of Figure 3 and
most publications about that synthesis, there is no special focus
on long-term macroevolutionary trends, and even less on eco-
morphological mismatches. In fact, apart from the recognition
of strong developmental constraints and some randomness in,
e.g., drift and possibly in gene flow, in a way that synthesis
would predict a general tendency for organisms to display eco-
morphological matches. This is because it proposes a direct link
between environmental changes and developmental processes
and gene expression and so on (Figure 3). These later aspects
are also part of ONCE. However, ONCE focuses more on
the importance of behavioral persistence as a main driver of
evolution, and also attributes a more crucial role to constraints
(Figure 2). Moreover, ONCE also emphasizes the important
role of randomness—incorporating Gould’s (e.g., 2002) thoughts
on the subject -, which, together with all the other items
mentioned above, can lead to a more comprehensive explanation
of the frequent occurrence of both ecomorphological mismatches
and macroevolutionary trends (Figure 2) than the EES does
(Figure 3). This role includes phenomena such as drift/gene flow
in particular, but also takes into account the particularly crucial
role that behavioral choices play in ONCE. That is, even within
the same external environment and in response to the same
factor, organisms can make an impressive number of different
behavioral choices. Therefore, they might not always make the
theoretically most “logical” choice for the habitat in which they
live, potentially resulting in etho-ecological mismatches.
Therefore, the term Organic Nonoptimal Constrained
Evolution (ONCE) is explained as follows. Although one might
argue that all biological evolution is in reality organic evolution,
the word “Organic” is specifically meant to pay tribute to
Baldwin’s idea of Organic Selection, as discussed below. As
Baldwin’s organic selection is only one of the many forces/factors
of evolution that ONCE integrates, I prefer to use “Organic
Evolution.” Within the integrative view of evolution of ONCE,
the term “Constrained” refers mainly to internal factors that
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constrain, help direct, and even catalyze evolutionary changes
(“negative” and “positive” constraints sensu Gould, 2002). Such
constraints were not emphasized in Baldwin’s works—nor in
the publications of most Neo-Darwinists for most of the last
century—but have become more so in recent decades by authors
such as Stephen Jay Gould and Pere Alberch, and even more
recently by, e.g., many evolutionary developmental biologists
(Evo-Devoists) (see Figure 3). These subjects were discussed in
detail in Diogo (in review), and the readers should refer to that
paper for more details about them. In this specific paper I will
instead focus more on the use of the term “Nonoptimal”—and
its contrast with Baldwin’s and Darwin’s views of evolution and
with Neo-Darwinist and Evo-Devo ideas in general -, as will be
explained in the sections below.
Therefore, in a brief summary of ONCE and as a complement
to the scheme shown in Figure 2, it can be said that, basically,
according to ONCE, during development, internal constraints
related to, e.g., homeostasis and canalization tend to constrain the
diversity of/morphospace used by adult phenotypes but can also
allow the existence/increase of developmental plasticity/hidden
variation, while internal selection tends to constrain/decrease
both the used morphospace and plasticity/variation (Figure 2).
In contrast, developmental epigenetic phenomena directly
influenced by the external environment (e.g., related to hormonal
regulation) tend to explore the available physiological, behavioral
and anatomical plasticity within the context of the specific
niches/behaviors/ways of life that the members of the population
occupy/display, and therefore have the potential to help direct
evolutionary change, as also has genetic drift, for instance.
Behavioral choices/shifts of organisms are possible due to
the plasticity resulting from and interplay between both internal
factors and externally-driven epigenetic events. Behavioral shifts
are thus the main drivers of evolutionary changes such as those
seen in macroevolutionary trends, in which the new behaviors
are successful and followed by behavioral persistence through
social heredity via phenomena such as teaching, learning and
imitation. Moreover, behavioral persistence is also linked to less
emphasized phenomena, such as those in which parents may
directly or indirectly contribute to the abandonment, or even
death, of their descendants if they fail to learn/imitate/perform
the new behaviors. That is, organisms are active evolutionary
players that directly contribute to driving their own evolution and
build their own niches.
Natural selection thus often comes into play as a secondary but
likewise crucial evolutionary player, as noted above. In the case
of macroevolutionary trends, due to the behavioral persistence
of the population, random mutations and/or epigenetic events
leading to physiological/behavioral/anatomical/genetic features
that turn out to be advantageous within the context of the
new behavior and niche and the external environment would
be selected. These phenomena further direct evolution and
increases the match between behavior, phenotype, and external
environment. This process can extend for long periods of time,
thus resulting in the observed macroevolutionary trends and, at
least in the earlier stages of these trends, in a further increase
in etho-eco-morphological matching, leading for instance to
cases of successful phenotypic overspecialization. However, even
in these cases the existence of strong developmental internal
factors causing phylogenetic inertia normally never allows an
organism to be fully “optimized” to its ecological habitat/external
environment, i.e., to reach an optimal etho-eco-morphological
correlation.
Moreover, in many cases behavioral persistence, loss of
plasticity due to natural selection or to sexual selection, genetic
drift, internal constraints, and/or simple chance, separately
or combined with each other and with many other factors
typical of, e.g., overspecialization, can make it difficult for the
organisms to respond to new changes of/challenges by the
external environment. This in turn may lead to etho-ecological,
eco-morphological and/or etho-morphological mismatches, and
potentially to cases of extinction. In addition, because of internal
developmental constraints resulting from the fact that organisms
are composed of many developmentally closely interconnected
parts, in at least some cases natural selection of a certain
trait will often result in correlated changes in other traits,
which may be detrimental with respect to the direction of that
selection. Emblematic cases of both etho- and eco-morphological
mismatches due to internal constraints are the presence of
hindlimb elements in whales and the abnormal occurrence of tails
in human adults.
On the other hand—in what may also seem to be a paradox
but shows instead the profound and complex interconnection
of all these phenomena—internal constraints can themselves be
crucial for maintaining some of the original phenotypic (e.g.,
morphological or behavioral) plasticity. For instance, plasticity
is present at least in earlier developmental stages as hidden
variation, whichmight allow organisms to display new behavioral
shifts or revert to the ancestral, less specialized, behaviors
and thus to escape eco-etho-morphological mismatches and/or
evolutionary dead ends. Moreover, as a further example of niche
construction and the central, active role played by organisms
in evolution, the likelihood of a taxon reaching an evolutionary
dead-end is deeply related to their and/or their parents’ initial
behavioral choices that helped to construct the niche in which
they now live. Furthermore, another major differences between
ONCE and not only NeoDarwinism but also the EES (Figure 3)
(e.g., Schlichting and Pigliucci, 1998; Laland and Galef, 2009;
Pigliucci and Müller, 2010; Kull, 2014; Laland et al., 2014, 2015,
2016), concerns the crucial role played by randomness in ONCE
(Figure 2). As emphasized above, this role includes phenomena
such as drift/gene flow, but also takes into consideration the
particularly crucial role that behavioral choices play in ONCE.
As an example of the impressive number of, and randomness
involved in, the different behavioral choices that organisms can
take, if a group of birds migrates to a region that has dozens or
hundreds of islands, the first island that they see will be a random
one. It is not necessarily the “best” one, and theymight decide not
visit or stay on it. However, simply by being the first one the birds
saw, this island can actually play a huge role in their behavioral
choices and the future of the bird population. If they decide to
visit/stay on the island, conditions might prove to be difficult
over time and the birds might migrate again, but in many cases
they might be able to stay on the first island, particularly through
niche construction and the help of phenomena such as epigenetic
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factors directly related to the conditions/factors present in that
island, and so on.
The crucial point here is that all of the mismatches—“eco-
morpho,” “etho-morpho,” or “etho-eco” and all of the many
gray areas between them—evidenced by the empirical data
that will be provided in the next section are predicted by
ONCE. The acronym ONCE incorporates elements strongly
related to such mismatches, such as Baldwin’s organic selection,
Gould’s/Alberch’s more constrained view of evolution, and
a nonoptimal, nonstruggling and more random concept of
evolution. For instance, mismatches between behavior (“etho”)
and the external environment (“eco”) are predicted under
ONCE due to behavioral persistence of organisms and/or
lack of behavioral/genetic/anatomical plasticity leading to a
perseverance of behavior even when the environment changes.
An emblematic example of this concerns the case of the pandas
mentioned above: they continue to eat bamboo despite the huge
decrease in bamboo in the habitats where they leave (Pilcher,
2004). The mismatches between form (“morpho”) and external
environment (“eco”) can also be due to behavioral persistence.
Probably because of behavioral persistence, pandas continue to
have a “panda’s thumb” especially useful for eating bamboo,
despite the decrease in bamboo available. Or—and most likely
in combination—mismatches can be due to lack of plasticity, in
turn likely related to strong internal constraints. For example,
whales normally still develop some hindlimb bones during their
ontogeny. The case of pandas is an example of etho-ecological
and eco-morphological mismatches and of etho-morphological
match (morphology still accompanies persistent behavior, but
both do not match the decrease in bamboo). In contrast, the
famous example of whales having vestigial hindlimbs concerns
etho-morphological and eco-morphological mismatches, and
an etho-ecological match (pelvic morphology did not change
completely to optimally match the swimming behavior of whales,
which does match the current aquatic habitat in which they live).
AN OVERVIEW OF EMPIRICAL
ETHO-ECO-MORPHOLOGICAL STUDIES
ACROSS VERTEBRATES AND OTHER
TAXA
In this section I will refer to empirical studies that combine
the four following points. First, they are a completely random,
unbiased sample of a larger number of works that were found
using a Google Scholar search for terms such as “anatomy,
ecology, phylogeny” anywhere in an article published in a journal
in the last two decades, and then looking also for similar works
on the list of references of each of those papers. Second, only
works including several species—in some cases from different
higher clades—were chosen. Third, among the chosen works
only those that analyzed form-behavior-ecology correlations
among these species/clades using quantitative tools and within
a strict phylogenetic context were selected. Fourth, the subset
of works that were finally selected were mainly written by
ecomorphologists, who would not be not biased, a priori, to
produce results that would support the nonadaptationist idea
of ONCE—they would more likely be biased in the opposite
direction. Of course, it will not be possible to describe here the
scope and results of all the works that were finally included in
that subset. Therefore, I selected studies that broadly represent
the overall patterns found in those studies and that represent
several major groups within a specific, selected group—the
vertebrates—to show how these patterns apply to both higher
(more inclusive) and lower (less inclusive) clades. I will also
provide a few examples from invertebrates and plants, to show
how they effectively do reveal the same general patterns—in
terms of mismatches—seen in vertebrates, as I do not want the
readers to just take my word for it, without presenting some
sound empirical cases studies on nonvertebrate taxa, on a subject
(mismatches) that is so crucial for this paper and for ONCE.
Within those ecomorphological studies, the “eco” refers
to many different items, from more external (“ecological”)
factors such as hot vs. cold environments to more internal
(“ethological”) factors such as the type of locomotion of the
organisms themselves, e.g., bipedal vs. quadrupedal. That is why
one can actually talk, in the present paper, about etho-eco-
morphological mismatches, which include mismatches between
the behavior and the external habitats where the organisms live
(etho-ecological mismatches), between these habitats and the
form of organisms (eco-morphological mismatches) and between
behavior and form (etho-morphological mismatches). Of course,
because the behavior and ecology of organisms are often deeply
interrelated, it is not easy to delimit what is strictly “etho”
and what is strictly “eco.” For instance, ecomorphologists and
functional morphologist are often interested in the correlations
between “function” and form, so the “eco” of ecomorphology
would seem to refer mostly to “function.” However, historically
in the form vs. function debate the “function” was often seen as
more associated with behavior, instead, as is also the case in the
present paper.
I will start with Vidal-García et al.’s (2014) paper. As
explained by them (2014, p. 182), Australian myobatrachid
frogs include two major lineages that occupy a wide range of
habitats, including rainforest, wood and grasslands, and extreme
arid deserts. There are genera with many species, each with
species that specialize in a broad variety of habitats, including
some species that can borrow and spend extensive periods
underground. According to them, these frogs thus present “an
ideal group for looking at broad patterns in adaptivemorphology,
testing for repeated evolution of similar patterns within species-
rich genera and investigating environmental correlates and
phylogenetic constraints.” They inferred “the environmental
niche and examined body size and shape variation displayed
by all species and genera of myobatrachid frogs to test whether
environmental factors determine their morphology.”
Specifically, they tested two hypotheses: “(1) is the rotund,
short-limbed morphology of burrowing frog species an
adaptation to aridity and (2) are frog species from wet
environments more likely to have longer legs?” Based on these
hypotheses, they specifically predicted that: “(1) the species
occurring in arid habitats would display more squat bodies
and short limbs, (2) species from wet habitats would display
stream-lined bodies with long legs, and (3) species occurring in
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intermediate habitats would display intermediate or conservative
anuran body shapes.” They tested each of these predictions
with anatomical and environmental datasets for all species
and in a phylogenetic context to investigate whether “the
different morphological patterns are constrained by phylogeny,
restricting directional selection.” Their results show that despite
the differences among and within genera, there is no obvious
climatic correlation with body size. They noted that “previous
claims that rotund, short-limbed forms reduce surface area and
therefore evaporative water loss in dry habitats, sound intuitively
correct, but are not supported by the different geographic
occurrence of certain body forms in our data” (Vidal-García
et al., 2014, pp. 181, 188). They summarized their results as
follows: “there was no clear relationship between body size
and environmental niche, and this result persisted following
phylogenetic correction; for most species, there was a better
match between environment/habitat and body shape, but this
relationship did not persist following phylogenetic correction;
our results suggest that phylogenetic legacy is important in the
evolution of body size and shape in Australian anurans.”
Fabrezi et al.’s (2014) paper also refers to anurans. The
authors studied the anatomy of several muscles thought to be
related to anuran locomotion and lifestyle. They then tested
whether there was a correlation between locomotor modes
(i.e., behaviors such as hopping, jumping, swimming and/or
walking), lifestyles (i.e., life in different ecological habitats, e.g.,
aquatic, arboreal and/or terrestrial), and morphological traits.
Their results reveal that there is not a unique combination
of morphological (muscular) characters that is clearly related
to any habitat (eco-morphological mismatches) or even to any
locomotor mode (etho-morphological mismatches).
Still within anurans, Moen et al. (2016) recently tested
the relative importance of convergence vs. history on frog
morphology. In their first test, the best-fitting model was
dominated by adaptive convergence. That is, each microhabitat
had only one anatomical optimum independent of clade,
including separate optima for aquatic, arboreal, burrowing,
semi-aquatic, terrestrial, and torrent-dwelling species. However,
the anatomical features included in this first test were mainly
external/superficial ones such as the length of the limbs, which
in theory are less subject to constraints and/or more directly
influenced by the external environment, as will be discussed
below. The only internal one was muscle mass, and more fine-
grained features such as number or attachments of muscles
were not included. However, even among those mainly external
features analyzed by them there was a substantial contribution
from phylogeny. That is, while the six microhabitat-related
frog ecomorphs they studied were similar around the planet,
no matter where or how many times they evolved, they did
find that the species’ phenotypes were generally not at the
estimated phenotypic optimum for their microhabitat. They
showed instead “an imprint of history” linked with a systematic
bias toward the ancestral, terrestrial phenotype.
Continuing with amphibians, Heiss et al.’s (2016) empirical
study on newts (urodele amphibians) stresses the importance of
behavioral shifts and concerns eco-morphological mismatches,
and at the same time challenges the way in which topics such
as the occurrence of polymorphisms are seen in the literature.
As noted by the authors, certain newt species change seasonally
between an aquatic and a terrestrial life as adults, being time after
time exposed to dissimilar physical conditions affecting a wide
range of organismal functions. For instance, seasonally habitat-
changing newts display obvious changes in skin texture and tail
fin anatomy, having markedly distinct aquatic and terrestrial
morphotypes and facing a major functional challenge to change
between efficient aquatic and terrestrial modes of prey capture.
Newts adapt quickly to such challenges because they have a high
degree of behavioral flexibility, using suction feeding in their
aquatic stage and tongue prehension in their terrestrial stage. By
undertaking an anatomical examination of the musculoskeletal
system of the prey capture apparatus in the two multiphasic
newt species Ichthyosaura alpestris and Lissotriton vulgaris, the
authors showed hypertrophy of the hyolingual musculoskeletal
system in both the terrestrial morphotype of L. vulgaris and
aquatic morphotype of I. alpestris. That is, they showed that
the seasonal behavioral and habitat shifts are accompanied by a
species-dependent muscular plasticity.
Strikingly, in such a case study where the morphological
changes seem to be directly related to behavioral changes
and to epigenetic factors directly influenced by the external
environment, eco-morphological mismatches still occur. For
instance, under natural conditions suction feeding is the
dominant prey capture mode of the aquatic morphotype
and tongue protraction the prevailing prey capture mode of
the terrestrial morphotype in newts. Therefore, Heiss et al.
predicted that the muscles subarcualis rectus and rectus cervicis
(both muscles associated with the neck region) should become
hypertrophied/atrophied in a reciprocal manner as a response
to shifts in functional demands in the two morphotypes.
Specifically, their eco-morphological prediction was that muscle
hypertrophy of the muscle rectus cervicis and atrophy of
the muscle subarcualis rectus would be found in the aquatic
morphotype and that hypertrophy of the muscle subarcualis
rectus and atrophy of the muscle cervicis would be found in the
terrestrial morphotype. However, that adaptationist prediction
was contradicted by their results. Both muscle volumes and
PCSAs (“Physiological Cross Sectional Areas”) of the rectus
cervicis and subarcualis rectus as well as the volumes of the
hyobranchial skeletal elements (which, in humans, include
structures such as our hyoid bone) were significantly higher in
the terrestrial than in the aquatic morphotype in L. vulgaris.
Conversely, in I. alpestris muscle volumes, PCSAs and the
volumes of the hyobranchial elements were significantly higher
in the aquatic than in the terrestrial morphotype. Accordingly,
the changes of the hyobranchial system within morphotypes
in the seasonally habitat changing newts were different, as
predicted. That is, a similar pattern of quantitative morphological
changes was expected in both species based on different
functional demands in aquatic vs. terrestrial morphotypes.
However, all tested musculoskeletal hyobranchial elements
hypertrophied in the terrestrial morphotype in L. vulgaris and
in the aquatic morphotype in I. alpestris, and the authors
did not find any evidence for a function-based reciprocal
change.
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I will now move on to fishes to explain the term “many forms-
to-one function,” as this term was mainly promoted by the fish
studies of Peter Wainwright and his students and colleagues.
Wainwright et al. (2005, pp. 259–261) state that “many-to-
one mapping is a ubiquitous feature of biological design...
genetic epistasis produces many-to-one mapping of genotypes
to phenotypes and has long been recognized as a basic property
of plant and animal genetic systems... many-to-one mapping
occurs between genotype and RNA secondary structure... protein
structure maps redundantly onto function.” They further note
that “for many physiological properties of organisms there is
redundant mapping of the underlying features to values of
the physiological, mechanical or performance property... for
example, at the level of whole-organism performance, lizards
with many different combinations of hindlimb dimensions and
leg muscles can have the same jumping ability.” Their empirical
study of labrid teleost fishes supported this idea: “in the labrid
4-bar case it would not be possible to infer jaw morphology
given Maxillary KT” (output rotation in the upper jaw per
degree of lower jaw rotation). They stressed that “the weak
correlations between morphological and mechanical diversity in
our simulations that was caused by the many-to-one mapping
of 4-bar form to Maxillary KT is, by extension, discouraging for
attempts to infer patterns of niche diversity from variation in
morphology.”
Wainwright et al. then state that “previous authors have noted
that morphology may not map closely to ecology because of the
nature of behavioral or performance filters that are imposed on
this relationship; our observations... on the nonlinear mapping
of form to mechanics in many systems, provide an intrinsic
mechanism in the relationship between form and mechanics that
also can weaken this relationship.” Importantly, they obtained
similar results among other groups of fishes. For instance, in
Collar and Wainwright’s (2006, p. 2275) study on centrarchid
teleost fishes, they wrote: “we show that many-to-one mapping
leads to discordance between morphological and mechanical
diversity... despite close associations between morphological
changes and theirmechanical effects.” Specifically, each of the five
morphological variables on their model underlined “evolution of
suction capacity... yet, the major centrarchid clades exhibit an
order of magnitude range in diversity of suction mechanics in the
absence of any clear difference in diversity of the morphological
variables.” As explained above, the occurrence of “many forms-
to-one function” and “many functions-to-one form” mappings
is very important within the context of ONCE. This is because
these phenomena help to explain the common occurrence of
mismatches, of exaptations, and of “function/behavior before
form” evolutionary changes, all central tenets of ONCE.
Moving now to amniotes (a clade including reptiles and
mammals), Anolis lizards are often seen in the literature as
an emblematic example of homoplasy due to adaptations to
similar habitats, and are thus expected to display a high match
between ecology and morphology. Strikingly, ecomorphological
empirical studies revealed that even in these lizards form and
phylogeny are deeply correlated, supporting the importance of
evolutionary constraints. This is pointed out for instance by Poe
(2005). He explains that several authors documented striking
ecological and morphological convergence in Anolis lizards of
the Greater Antilles. For instance, various authors have defended
the existence of several specific “ecomorphs”—i.e., lizards with
a supposed set of correlated ecological and morphological states
associated with their particular niche. These comprise a “crown-
giant” ecomorph including large species with long tails that
live on the top of the trees, and a “twig” ecomorph including
small species with short limbs that live on narrow perches. The
existence of such ecomorphs would thus suggest that characters
related to, for instance, forelimb length, hindlimb length, and
tail length would not be good phylogenetic markers because they
would be mainly related to, and predicted by, the habitats where
the lizards live.
However, this prediction was not supported when Poe tested
the phylogenetic signal of four features that are said to be
ecomorph features in both the entire Anolis clade and only
among the Greater Antillean species from which such concept
of ecomorphs was initially postulated: length from snout to
vent (the opening through which the lizard defecates), hindlimb
length, tail length and number of subdigital lamellae. The null
hypothesis of no phylogenetic association was strongly rejected
for all features in both the entire Anolis clade and the Greater
Antillean taxa only. In a common reaction seen in almost all
the empirical studies reviewed in this Section, the author did
not hide his surprise: “this latter result is especially surprising...
the presence of a strong phylogenetic correlation in the very
species for which convergence has been demonstrated (i.e.,
within the Greater Antillean taxa only) begs for explanation”
(Poe, 2005, p. 340). He then gave possible explanations for these
“surprising” results. A possible reason is “that the ecomorphs
generally constitute mini-radiations within islands.” A second
possible explanation “is the existence of several species that defy
ecomorph characterization or occupy different ecomorphs but
still share derived ecomorph characters and close relationship.”
Another possible justification is that “some ecomorphs appear
to be monophyletic across islands... in this case ecomorph
characters are a better predictor of phylogeny than island
locality.”
Another similar empirical example, also referring to lizards,
was published just a few months ago by Olberding et al. (2016,
p. 775). In brief, they analyzed the evolution of total hindlimb
length and of thigh, crus (leg), pes (foot) and toe length and its
correlation with habitat use and phylogeny within 46 species of
phrynosomatids (a group that includes spiny and horned lizards).
They took into account that sexes are usually behaviorally and
morphologically dimorphic but still found that “overall, clade-
level differences were more important than habitat as predictors
of segment or total hindlimb length.” Such empirical studies
on lizards emphasize a crucial problem that has been often
neglected, creating the illusion—among scientists, as well as the
general public—that there is almost always a very close match
between behavior (“function”: “etho”), form (“morpho”) and the
habitat where organisms live (“eco”), i.e., a “design” in nature.
The problem, as noted above, is the cherry-picking of “one
trait-to-one species/group of species” examples, in which, e.g.,
a certain morphological feature of a certain species/group of
species seems to be “perfect” for a certain “habitat.” This was
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precisely what was done for lizards such as Anolis, and the
cherry-picked examples were then used as “evidence” of design
and of “optimality,” or near “optimality” in nature. However,
only rigorous empirical eco-morphological phylogenetic studies,
including not only that/those species/groups of species but
also other species of the same clade or living in the same
geographical region, can appropriately be used to test whether
specific morphological features are more correlated with ecology
than they are with phylogeny, in the overall. In both these two
recent studies, they were not: the adaptationist predictions were
contradicted by empirical evidence.
Remaining within lizards, Vitt and Pianka (2005, p. 7877)
published a paper entitled “Deep history impacts present-day
ecology and biodiversity.” They explained that squamates (a
clade including lizards, snakes and tuatara) are an interesting
case study for testing theories on the evolution of ecological
features because “their evolutionary history dates back to the
early Jurassic or late Triassic, they have diversified on all major
continents, and they occupy a remarkable diversity of ecological
niches.” They noted that one theory postulates that ecological
dissimilarities result from recent factors such as shifts in
accessibility of different prey types or interspecific competition,
predicting that niche differences arose relatively recently
(“shallow history hypothesis”). Another theory postulates that
ecological differences arose early in the evolutionary history of
major groups and that present-day assemblages may thus coexist
mainly because of early preexisting differences (“deep history
hypothesis”).
Vitt and Pianka integrated phylogenetic data with ecological
information to test these theories in squamates, using data on
diets of 184 lizard species in 12 families from four continents.
On the one hand, their results revealed that there were major
behavioral (dietary) changes at six major divergence points,
with major macroevolutionary implications, as predicted by
ONCE. For instance, the most remarkable dietary divergence
occurred in the late Triassic (period from 252 to 201 million of
years), when Iguania (including, e.g., iguanas and chameleons)
and Scleroglossa (including, e.g., geckos) split, leading to their
occupation of very different regions of dietary niche space. This
included the acquisition of chemical prey discrimination, jaw
prehension, and broad foraging by scleroglossans, which allowed
them to access sedentary and hidden prey that are unavailable
to iguanians. That is, as stressed by the authors, “this cladogenic
event may have profoundly influenced subsequent evolutionary
history and diversification,” reinforcing the idea that behavioral
shifts are probably often related to speciation/cladogenesis and
subsequently to major macroevolutionary divergences. On the
other hand, and also as predicted by ONCE, their results
indicated that “such ancient events in squamate cladogenesis,
rather than present-day competition, caused dietary shifts in
major clades such that some lizard clades gained access to
new resources, which in turn led to much of the biodiversity
observed today.” That is, new behaviors that become persistent,
and are then further directed by natural selection, can lead to
evolutionary trends and eventually to decreased plasticity. This
process might finally lead to cases in which there is a much
stronger correlation between form and phylogeny than between
form and the current habitat where the organisms live, i.e., to
ecomorphological mismatches (see Sections above).
A different type of phylogenetic ecomorphological study of
lizards was conducted by Abdala et al. (2014). In this study,
“form” does not refer exclusively to external and/or hard-tissue
features or to more general and/or physiological traits of muscles,
but to finer morphological and morphometric muscle traits.
They explain, in their introduction, that “following the tenets of
ecomorphology that hold that different ecological demands lead
to different organismal “designs,” it is reasonable to expect that
morphological differences in muscles, tendons, and bones of the
hindlimb of lizards will reflect their ecological specializations”
(Abdala et al., 2014, p. 398). Because the arboreal environment
is one of most challenging microhabitats exploited by lizards,
they analyzed pedal grasping in Neotropical iguanian lizards
through a morphometric study of muscles and a morphological
and morphometric study of tendons. They also examined the
relative proportions of the skeletal elements involved in grasping.
Specifically, they tested whether 55 hindlimb internal features are
related to habitat and/or to the phylogenetic relationships of the
23 species they studied.
Their results showed that phylogeny was the major factor
associated with the anatomy of the hindlimb skeletal characters.
Interestingly, this correlation was not as clear for most of the
variables concerning hindlimbmuscle and tendonmorphometric
characters, indicating that variation of the soft tissues cannot be
explained only by phylogeny. However, neither the osteological
nor soft tissue hindlimb characters were entirely related to
habitat. In fact, in the overall the correlations between form and
phylogeny were stronger than those between form and habitats.
The authors stated, “the prevalence of phylogeny in shaping
internal morphological traits correlated with external ones (e.g.,
femur and tibia length) is striking when contrasted with the
observation that, in general, changes in body size and limb and
tail proportions have been demonstrated to be associated with
the evolution of locomotor performance in different ecological
settings for several clades of squamates” (Abdala et al., 2014,
p. 404).
Again, their use of the word “demonstrated” in this latter
sentence should be taken with caution, because as explained
above such “demonstrations” are often performed with either
smaller samples or without a strict, broad phylogenetic analysis.
For instance, one of the works listed by Abdala and colleagues to
be contrasted with their results was Herrel et al. (2008), which
suggested that differences in the morphology, muscle mass, and
muscle mass distribution of the limbs of Anolis valencienni
and A. sagrei were correlated with locomotor performance and
locomotor style. However, these are only two species of the
same genus, so it is very hard to argue that this suggestion is
really framed in a broad phylogenetic and comparative context.
As noted above, several works on Anolis and other lizards
that were framed in such a broad context actually showed
a stronger correlation between form and phylogeny. Abdala
et al. (2014) recognized this somewhat when they stated that
“the overwhelming effect of phylogeny in shaping morphology
has been repeatedly obtained in studies of various taxa” and
of many different structures, such as the external anatomy of
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lacertids (Vanhooydonck and Van Damme, 1999) and skinks
(Goodman et al., 2008) and liolaemids (Schulte et al., 2004;
Tulli et al., 2009), thermal biology of liolaemids (Cruz et al.,
2009), and internal morphology of geckos and liolaemids (Zaaf
et al., 1999; Tulli et al., 2012). Moreover, similar results were
obtained for tendinous tissue in iguanid lizards (Tulli et al.,
2011), and forelimb traits in tropidurid lizards (Grizante et al.,
2010). Abdala et al. (2014, p. 397) thus conclude that “it appears
that the Bauplan of the lizard pes incorporates a morphological
configuration that is sufficiently versatile to enable exploitation of
almost all of the available habitats; as unexpected as conservation
of internal gross morphology appears, it represents a means
of accommodating to environmental challenges by apparently
permitting adequacy for all situations examined.” This statement
is highly relevant for the idea of ONCE defended in the
present work, because it further contradicts the argument that
only a previous change of form can enable a new/different
behavior/function.
Moving now to birds, a recent empirical study analyzed the
links between the relative proportions of wing components
(humerus, ulna, and carpometacarpus), flight style, and
phylogeny in waterbirds (a diverse group including birds
such as albatrosses, diving petrels, penguins, loons and shags,
among many others) (Wang and Clarke, 2014). These birds
exhibit substantial diversity in flight style (e.g., flapping,
flapping/soaring, dynamic soaring, flapping/gliding) and
foraging ecology (e.g., feeding on the wing, from the water
surface, pursuit underwater). The authors examined the
phylogenic signal and used ancestral trait reconstruction
to test for rate shifts in forelimb proportions. Their results
revealed a nonadaptationist pattern that was—once again—
surprising to the authors: “different waterbird clades are
clearly separated based on forelimb component proportions,
which are significantly correlated with phylogeny but not
with flight style” (Wang and Clarke, 2014, pp. 2847–2857).
Agreeing with the criticism made above about adaptationists
cherry-picking one-species-one-function types of examples
to support their views, they stated: “although changes
in locomotor ecology in birds are often expected to be
generally linked to changes in forelimb shape, detection of
these patterns requires their consideration in a phylogenetic
framework.”
Concerning mammals, I will start with marsupials, which are
less studied in such ecomorphological phylogenetic studies than
are placentals (monotremes are even less studied). In order to
analyze whether the diversity of food consumed by didelphids
(opossums)—e.g., fruits, small vertebrates, insects—is related to
molar size and shape, Chemisquy et al. (2015) used a geometric
morphometric methodology to map shape onto the phylogeny
of 16 didelphid genera. Then, they statistically estimated the
effect of diet, size, and phylogeny on molar shape. Their results
were very much in line with those of other studies discussed
in this Section. Using the authors’ own words, “all the analyses
indicated little correlation between diet and molar shape and a
strong correlation between the position of each genus on the
phylogeny and molar shape” (Chemisquy et al., 2015, p. 217).
They noted: “we found a strong phylogenetic effect, but the data
available make the real constraints behind this historical pattern
difficult to distinguish; we believe that the broad ecological
niche used by most of the groups/genera studied herein (at
least regarding diet) did not generate enough selective pressure
on molar morphology to override preexisting differences that
occur among clades, subsequently confounding the relationship
between diet and tooth shape” (Chemisquy et al., 2015, p.
232). According to the authors, “because a large proportion
of shape variation is related to phylogeny and not to size or
diet, it is possible that this part of the variation is related to
genetic drift, which could be translated on a macroevolutionary
scale to an evolutionary model similar to a random walk or
Brownian motion or other models where the change occurred at
speciation.”
Similar results were obtained by Magnus and Cáceres (2016),
as explicitly stated in the title of their paper, “Phylogeny explains
better than ecology or body size the variation of the first
lower molar in didelphid marsupials.” Following the methods
of Chemisquy et al.’s (2015), but using a larger sample, they
analyzed how the first lower molar evolved among didelphids
by examining the two sexes independently, the influence of
body size on molar shape, whether different habitats influence
molar shape, and the links between these factors and phylogeny.
Their study included a large number of individuals (261) from
37 species representing 14 of the 19 didelphid genera, with
a total of 130 female specimens from 29 species and of 131
male specimens from 36 species. Their results indicated that
the shape variation of the didelphid molars is more strongly
correlated to phylogeny than to body size or habitat. In their own
words, “body size assumes a secondary role when influencing
molar shape adaptation in didelphids, and habitat is apparently
not meaningful in such a role” (Magnus and Cáceres, 2016,
p. 10). However, they noted that, although form was more
strongly correlated with phylogeny, there were detectable minor
differences in molar shape variation due to habitat and body size.
When considered together with phylogeny, habitat seemed to
be somewhat important in the adaptive radiation of didelphid
lineages. For instance, this radiation is accompanied by a general
shift of habitat, from more ancestral and arboreal to more
derived and terrestrial/scansorial environments. Accordingly,
molar shape configuration evolved from a relatively small to a
large trigonid, an evolutionary trend modulated by phylogeny,
according to them.
Importantly for the idea of ONCE, Magnus and Cáceres
(2016, p. 11) link these trends to mass extinction events
followed by environmental changes and behavioral changes
in response to those shifts. Specifically, they argue that
“following the probable Miocene mass extinction, the reduction
of the forest environments allowed the development of open
habitats giving more chances for diversification of the surviving
Miocene terrestrial marsupials via a rapid cladogenesis (or
adaptive radiation).” For them, “this also had other evolutionary
consequences by inducing a major shift in feeding habits of the
family (from frugivory related to a larger talonid, to insectivory
related to a larger trigonid), with lineages becoming more
insectivorous with time.” This change in feeding habits may
be related to the behavioral tendency toward terrestriality in
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didelphid evolution that occurred independently in various
taxa, e.g., Monodelphis (short-tailed-opossum) in Marmosini
and Thylamys (fat-tailed mouse opossums) and Cryptonanus
(gracile opoissums) in Thylamyini. The authors also point out
that the strong association between molar shape variation and
phylogeny does not necessarily mean that the shape of the
first molar is a conservative feature within didelphids. That is,
molar shape configuration changed substantially in didelphid
evolution but kept a strong phylogenetic signal, with the
current environment playing a minor role in its macroevolution
but an intrinsic role in the adaptive radiation of certain
lineages.
So, there is—again—a link between phylogenetic constraints
and behavioral shifts in response to environmental changes;
i.e., form is not conservative within the whole didelphid
clade. However, after a certain behavioral shift is completed
and a subclade follows a certain evolutionary path, then its
ancestors often “get stuck” in that path by a combination
of behavioral persistence (e.g., being terrestrial) and natural
selection (Figure 2). This leads to the maintenance of a new form
or the occurrence of a certain specific evolutionary trend from
that formwithin the subclade. This can happen even if the habitat
is changed and certain other behavioral traits are changed along
with it (e.g., eating food item B instead of food item A), leading
to an overall scenario in which there is a stronger correlation
between form and phylogeny than between form and habitats
and even between form and certain behaviors, including dietary
preferences.
In a study that also included marsupials, Narita and Kuratani
(2005) examined the distribution pattern ofmammalian vertebral
formulae as a case study to investigate the contribution
of developmental constraints in vertebrate evolution. Their
results indicated that the changes in the vertebral formulae
in eutherian mammals (which include placentals) seem to be
lineage-specific; e.g., most Carnivora species have 20 instead
of 19 thoracolumbar vertebrae. Such lineage-specific vertebral
formulae are different from the estimated distribution pattern
that they calculated on the assumption of evolution exclusively
related to selective pressures. Therefore, they concluded that
“developmental constraints played an important role in the
evolution of mammalian vertebral formulae” (Narita and
Kuratani, 2005, p. 91). They further noted that in some cases the
lineage-specific ontogenetic constraints seemingly are not easy
to surmount because members of a clade radiate but still keep
the same basic bodyplan shared by all taxa in the clade. The
patterns of vertebral formulae seen in marsupials, in particular,
indicate a strong influence of developmental constraints. In these
mammals—which are often seen as an emblematic illustration
of convergence or parallelism because they have radiated into
many forms and habitats in a way somewhat similar to that
seen in placentals—there is a constant vertebral formulae. The
authors therefore state “if the evolution of vertebral formulae
tends to change under taxon-specific selection toward the taxon-
specific habitat and morphology, the constant vertebral formulae
in marsupials and variable vertebral formulae in placentals
could not be reconciled (Narita and Kuratani, 2005, p. 104).
So, they conclude, “it is again much more appropriate to
consider that the stasis has occurred as a result of marsupial
specific (and mammalian primitive) developmental constraints
that could not be overcome in the radiation of marsupial
lineages.”
Moving on to placentals, we find one of the very few
ecomorphological studies based on an explicit, broad
phylogenetic analysis in which the correlation between
morphology and phylogeny is not stronger than that between
morphology and ecological and/or behavioral traits. However,
even in this study—by Fabre et al. (2015)—the latter correlations
are not stronger than the one between form and phylogeny,
either. That is, the evolution of forelimb shape in the placentals
studied by the authors, the musteloid carnivorans (a group
including, e.g., red pandas, otters, raccoons, and skunks) was
strongly influenced by other anatomical features such as body
mass as well as by both locomotion and phylogeny (Figure 4).
As noted by them, musteloids form a very diverse group: they
display a broad variation in body mass and live in an array of
habitats that is more varied than that of any other carnivoran
clade, so they are exceptionally interesting for ecomorphological
studies. The authors explain that phylogeny—one of the three
major factors explaining forelimb shape is musteloids, according
to their results, as explained above—was also found to be a key
factor in their previous study (Fabre et al., 2013) of musleloid
shape data.
For Fabre et al. (2015, p. 603), such a strong signal “is not
too surprising as, for example, all the aquatic species included
in the study belong to a single clade (Lutrinae)” (which includes
otters).. “thus, shared ancestry, body mass and locomotor habitat
are all important factors in explaining variation in limb shape
across species.” This strong phylogenetic signal is clearly seen in
Figure 4. Another key point stressed by them is that this study
also showed that each bone has its own ecological/functional
signal, e.g., “the signal provided by the shape of the humerus
tends to separate arboreal and semi-arboreal species, whereas the
analyses on the shape of the ulna and radius tend to separate the
aquatic from the semi-fossorial species.” This result reinforces the
criticism made above that the adaptationist framework is often
too simplistic, not only because each organism might display
several behaviors/functions (e.g., squirrels climb trees, run on
the ground, and so on), but also because in macroevolution
there is often mosaic morphological evolution. Different parts
of the body change in different ways and might be adapted
for different behaviors/functions and/or ecological habitats (e.g.,
our hindlimbs have many features related to bipedalism, our
forelimbs with tool use, our head with facial communication,
and so on).
The same team that published the study on lizard muscles
and tendons described above (Abdala et al., 2014) also recently
published an ecomorphological phylogenetic analysis on rodents
(the clade including, e.g., mice and rats) and compared the
patterns seen in rodents vs. lizards (Carrizo et al., 2014).
As they did in their study of lizards, the authors noted,
in their introduction, that previous investigations on the
external and internal architecture of muscles had suggested that
muscle anatomy is linked to particular functional demands and
locomotory types in mammals. For instance, it has been said that
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FIGURE 4 | Phylogenetic relationships of the musteloid species used in Fabre et al.’s study (modified from Fabre et al., 2015). Time scale is in millions of
years; outlines used as symbols scaled relatively to body size and colors are: green for arboreal; yellow for semi-arboreal; red for terrestrial; brown for semi-fossorial;
and blue for aquatic species.
fossorial taxa (i.e., tetrapods that often live underground, e.g.,
through digging) have enlarged forelimb extensor muscles, and
that the form of the tendon of the forearm muscle flexor carpi
ulnaris is particularly related to life in a specific habitat in, e.g.,
didelphid marsupials. However, once again, those suggestions
were often mainly based on functional morphology analyses
or on phylogenetic analyses that included only a few taxa
and/or characters. The authors’ aim was thus to test whether
the morphology of forelimb muscles and tendons of 97 adult
specimens belonging to 26 species of sigmodontines (the rodent
subfamily that includes mice and rats)—coded as 32 phylogenetic
characters—is correlated with different types of locomotion (e.g.,
ambulatory, fossorial, saltatorial and natatorial), with phylogeny,
and/or with other factors.
Specifically, they predicted that fossorial sigmodontines have
forelimb muscles that are shorter, and have greater cross-
sectional areas, than those of other locomotory groups. This
is because muscles with short fibers that attach to long
tendons in a pennate pattern (i.e., obliquely) are said to
evolve to act as force generators for elastic strain energy
storage and recovery within the tendon. They also predicted
that forelimb extensor muscles used by natatorial (swimming)
species should have large cross-sectional areas in order to
generate a higher force to thrust. Their results showed that
tendon variables seem to be more correlated with locomotory
types than muscle variables, but—once again—phylogeny is
the best predictor of morphology, overall. Specifically, they
stated, “twelve tendon variables of the forelimb exhibit distinct
differences between fossorial and scansorial sigmodontines,”
but “no particular morphological variables are associated with
ambulatory, saltatorial, and natatorial taxa... this phylogenetic
inertia could be responsible for the homogeneity in the overall
muscle forelimb morphology in this group” (Carrizo et al., 2014,
pp. 843, 849).
We will now consider the organisms that are more closely
related to us, primates. As explained in the beginning of this
Section, we recently compiled a series of examples showing
how many of the structures of our body do not make sense
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unless they are seen as highly influenced by phylogenetic and
developmental constraints. Many of the examples that Gould
(e.g., 2002) famously used to stress the importance of constraints
and to criticize both the adaptationist framework and the
“argument for design” are in fact related to features that can
be observed in humans, such as the so-called “blind spot” in
our eyes (see Diogo and Molnar, 2016 for more details). So,
what about other primates? A recent phylogenetic study about
cranial morphology in lemurs by Baab et al. (2014) addressed
this question. In that study, phylogeny explained, once again, the
greatest amount of variation; much smaller amounts of variation
were explained by diet and even smaller amounts with activity
pattern. As is usually the case, the authors noted that previous
researchers had suggested that there is a positive relationship
between diet, biomechanical function, and cranial shape in some
vertebrate groups, but correctly pointed out: “however, some of
these studies failed to explicitly incorporate phylogeny into their
analyses” (Baab et al., 2014, p. 1444). Furthermore, they noted
that some explicit phylogenetic studies—e.g., of primates such as
Old and New World monkeys—actually “did fail to recover or
recovered only a weak relationship between ecological variation,
including differences in diet, and cranial form (e.g., McBrayer,
2004; Cardini and Elton, 2008; Jones and Goswami, 2010; Perez
et al., 2011).” In addition, in some studies dietary variables
could predict a great proportion of variation of cranial shape,
but only when phylogeny was ignored, because when it was
taken into account many fewer anatomical features remained
associated to ecology (e.g., Perez-Barberia and Gordon, 1999;
Marroig and Cheverud, 2005). Based on the results of their lemur
phylogenetic study, Baab et al. (2014, p. 1472) thus stated that
“overall, lemur cranial morphology retains a strong phylogenetic
signal... the correlation between diet and cranial form is weak
when the underlying phylogeny is taken into account, a pattern
also documented in other vertebrate lineages.” According to the
authors, “this may mean that diet has not strongly impacted
cranial form, but may also be the result of an evolutionary history
characterized by a relatively small number of dietary (behavioral)
shifts that occurred in conjunction with the divergence of major
clades and few instances of dietary convergences between these
clades.”
In another recent study that also comprised
strepsirrhines—i.e., the sister-group of all other extant primates,
which includes lemurs and lorisoids such as lorises and galagos -,
as well as rodents and marsupials, Ruth et al. (2016) tested the
usually accepted assumption that the foramen magnum position
is an indicator of bipedalism because it is supposed to favor
a more “balanced” position of the skull. They examined the
connection between the angle of this foramen and locomotion
in these three clades including bipedal or orthograde species
and quadrupedal or pronograde species. Their results revealed
that in marsupials and strepsirrhines there is no association
between this angle and locomotor pattern. They did find a
significant difference in this angle between quadrupedal and
bipedal rodents, but when these taxa were analyzed in the
context of enlarged auditory bullae, this relationship was no
longer significant. Using their own words, they concluded that
“taken together, these data indicate that several developmental
modules of the cranium influence FMA (foramen magnum
angle), but that locomotion does not; we caution that basicranial
evolution is a complex phenomenon that must be explored in the
context of each taxon’s unique evolutionary and developmental
history” (Ruth et al., 2016, p. 45).
To show that many of the results found in the works on the
Vertebrata that were mentioned in the above chapters also apply
more broadly, I will now refer to one of the numerous empirical
phylogenetic ecomorphological studies on invertebrates that
reveals patterns essentially similar to those usually found in
the other invertebrate studies I reviewed. The study—by Law
et al. (2014)—is specifically focused on the polychaete family
Opheliidae (a family of small annelid worms). The authors
explain that there are considerable anatomical and behavioral
differences between two major groups within this family, e.g.,
some animals burrow by peristalsis (i.e., through wave-like
muscle contractions) while others display undulatory burrowing.
They therefore analyzed the anatomical differences that might be
related to these distinct burrowing behaviors and undertook a
DNA-based phylogenetic analysis to test the connection between
behavior, form, and the habitats where these worms live.
The mapping of the anatomical features onto the phylogeny
revealed close links between morphology (namely the
musculature) and behavior, and a lower correlation between
form and habitat/ecology. They state that “even though the
mechanical responses of muds and sands to burrowers are
substantially different—muds are elastic materials through
which most worms extend burrows by fracture, whereas
sands are noncohesive granular materials, suggesting that
morphologies and behaviors of burrowing animals might be
distinct between these two habitats—our data showed that
habitat distribution is variable and did not coincide well
with burrowing mode, musculature, or presence of septa”
(Law et al., 2014, p. 557). They further note that ”the nearly
identical morphologies, musculature, and undulatory burrowing
behavior within Ophelininae did not coincide with a single
sediment distribution; even generalizations based on similar
morphologies and musculature that appear to be convergent
seem to be an unreliable indicator of habitat distribution.”
Various phylogenetic studies of several clades of herbivorous
insects also point out that insect host-use evolution is often quite
conservative regarding host taxon, being often better predicted
by phylogeny than by apparent ecological opportunity (Kelley
and Farrell, 1998).
Lastly, I will refer to one example from plants that
illustrates the pattern commonly found among the numerous
plant ecomorphological studies found in the literature, as
documented for instance in the exceptional book Phenotypic
Evolution—A Reaction Norm Perspective by Schlichting and
Pigliucci (1998). As stated by these authors (pp. 182–183),
there are many examples “in the literature (of plants) of
cases in which patterns usually interpreted as the results
of natural selection are in fact reinterpreted to be due to
some sort of constraint; again, in these cases phylogenetic
analyses are pivotal.” For instance, they review a large study
of 910 angiosperms that tested the assumption that features
of fleshy fruits such as length, diameter, mass, or energy
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and protein content evolved in response to the animals that
disperse those fruits. The study showed that within the 16
traits examined 61% of the overall variance was explained
by phylogeny, and that most correlations between fruit traits
and type of disperser were nonsignificant after considering
phylogenetic effects. As they note, “the overall conclusion is
that historical contingencies are generally responsible for the
observed macroevolutionary scenario, while selection played a
comparative minor role.”
GENERAL COMMENTS
A common feature among all the empirical studies reviewed
above is that their authors—particularly those that are
ecomorphologists—often admitted that they were profoundly
surprised by their own results. This is because they were often
searching for clear, positive eco-morphological correlations
that should, according to their assumptions, be stronger than
phylo-morphological correlations. The authors’ surprise sends
us an important message: lack of clear eco-morphological
correlations is probably even much more common that these
studies indicate. That is, these authors probably represent a small
group of researchers that admit not only that their predictions/a
priori ideas were wrong, but also that they were genuinely
surprised by this fact. It is possible that many authors who
obtained similar results—or, in particular, “worse” results such
as a complete lack of any type of correlation or even negative
correlation between morphology and ecology—simply opted to
not publish their results. Such “negative results” may be ignored
because there is no “story at all to be told,” a phenomenon that
is well known in science and was strongly criticized by Gould in
his famous “Cordelia’s dilemma” metaphor (e.g., Gould, 1993,
2002; see also Diogo, 2006). Therefore, based on the results of the
ecomorphological empirical studies reviewed here and on the
similar results of others that I did not have the space to review,
and on this bias against the publication of such “negative” results,
I think that the common occurrence of eco-morphological
mismatches is probably one of the most crucial untold stories
in evolutionary biology. The story remains untold because it
goes against the main ideas defended by followers of Darwinism,
of Lamarckism, of Neo-Darwinism, and even of the Evo-Devo
Extended Evolutionary Synthesis (see Figure 3), as explained
above. In fact, it needs to be emphasized that, as noted above,
the methodology used for this paper explicitely avoided cherry-
picking. That is, all the publications that were found within
the dates that were searched and that included the searched
keywords—e.g., ecomorphology and phylogeny, or ecology and
anatomy and phylogeny, and so on (see above)—were read
and analyzed for the present work, and the ones included in
this review represent the pattern that was consistently seen in
all those publications. Therefore, the clear pattern seen in all
these publications retrieved using this methodology does seem
to indicate that this pattern is the norm in nature, and not the
exception.
By placing behavioral choices, shifts and persistence at
the very center, and as the primary drivers, of evolution,
thus considering organisms to be key active players in their
evolutionary history and the evolutionary history of other
organisms as well, one can explain this pattern because one
can account for evolutionary trials-and-errors, “mistakes,” and
mismatches. If organisms as a whole were mainly passive players,
and everything was “programmed” (gene-centered view) in the
genome, decided by external forces (externalist view: e.g., by
the external environment or a supernatural being), or related
to vitalistic forces within the cells/atoms/tissues forming the
organisms (vitalism), then in theory we should not expect such
a high frequency of mismatches. Computers do not often make
“bad decisions” because they normally do not decide anything
at all by themselves. But organisms are active players that can
potentially make an almost endless number of behavioral choices.
Many of these choices are constrained by phenomena such as
teaching/learning/imitating, leading to behavioral persistence,
but there are also numerous cases of behavioral changes,
including unexpected and maladaptive ones, in nature.
Darwin did care a lot about extinction, and was much
more aware of evolutionary mismatches than were many Neo-
Darwinists; extinction is included in the last, and most famous,
sentence of his 1959 book: “a struggle for life, and as a consequence
to natural selection, entailing divergence of character and the
extinction of less-improved forms... thus, from the war of nature,
from famine and death, the most exalted object which we are
capable of conceiving, namely, the production of the higher
animals, directly follows.. there is grandeur in this view of life,
with its several powers, having been originally breathed into a
few forms or into one; and that, whilst this planet has gone
cycling on according to the fixed law of gravity, from so simple
a beginning endless forms most beautiful and most wonderful
have been, and are being, evolved.” I completely agree with
Darwin’s emphasis on extinction and “less-improved forms” to
refer to evolutionary mismatches, and in some ways some of
the tenets of the idea of ONCE are also not too different from
those of Aristotle, who is one of my personal heroes. However,
unlike Darwin I would not use the teleological word “improved”
in this context. Above all, I think that the new discoveries
in evolutionary biology - which were only possible because of
Darwin’s brilliant ideas - have shown us that life is not only an
intense, never ending, unbreakable “struggle, war, famine and
death,” where forms have to optimally “fit” to their habitats,
and any nonoptimality, any behavior that is not directly related
to survival and/or reproduction and does not “improve” fitness
is purged from existence. So long as overspecialized humans
do not put in danger the ecosystems of this beautiful planet,
and the globe continues to display such an amazing quality
and diversity of resources, life it much richer and varied than
that. In fact, as recently noted by Gailer et al. (2016), more and
more studies are emphasizing the large plasticity between the
so-called “optimal” morphology of a structure and the potential
function of that structure, underscoring the need to appreciate
apparently “maladaptive” structures in biological evolution as
nevertheless effective functioning units. That is, such structures
and the function they perform are “good enough” to allow
the organisms that display them to survive and reproduce, in
the nonstruggling view of life defended in ONCE. Not every
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single structure needs to be “perfectly designed,” or “optimal,”
or ”optimally fit” for each function it performs and/or for
each habitat occupied or behavior exhibited by the organisms
displaying it, at every single developmental stage and geological
time during their evolutionary history: in fact, many structures,
such as vestigial rudimentary ones, may well not perform any
function at all.
Another example concerns the fact that analyses of the
yeast genome have shown that 70% of its genes were actually
unnecessary in a rich medium. If this is really so, even if we
follow an “utilitarian” framework and speculate that all those
70% may eventually become useful for subsequent particular
environmental changes (Schlichting and Pigliucci, 1998), the fact
is that when yeast lives in such a rich medium, more than two
thirds of their genes are “dispensable” or at least “redundant.”
This does not match at all with the narrative idea of a continuous,
implacable struggle in evolution, in which “nature does nothing
in vain.” This planet has seen, since about four billion years ago,
zillions of fascinating organisms displaying an almost infinite
array of behaviors—from bacteria’s adaptive comportments to
suicidal or self-harming acts by birds, from selfish attitudes of
cuckoos to profoundly altruistic warning calls of squirrels, from
remarkable phenotypic features to expandable genes. And this
is precisely what led to what Darwin beautifully referred to as
“endless forms most beautiful and most wonderful.”
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